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FOREWORD 

This report is the final presentation of the efforts and results 
of the work performed during the summer 1973 under the basic agreement 
DAHC04-72-A-OOOl between the US Army Research Office, Durham, and 
Battelle Memorial Institute,'Columbus Laboratories. The work was 
performed for the PropulsionDirectorat~, Chemical Laser Function under 
the direction of Dr. Walter W. Wharton. The authors wish to recognize 
the contributions to the test program of J. W. Connaughton, Ben F. 
Wilson, and others for their part in the conception and design speci
fication of tne flow system, for their assistance in feasibility 
demonstra tion, and of Mr. Connaughton for his assistance in conduc ting , 
the testing. 
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1. Introduction 

In accordance with the requirements of the US Army Research 
Office (ARO/D) with 'Battelle Memorial Institute, Columbus Laboratories, 
this report is a sumnary of the work performed for the US Army Missile 
Command, Redstone Arsenal, Alabama (MICOM) from 29 May 1973 to 28 
August 1973. With the assistance of Mr. L. B. Thorn and others from 
MICOM the work included: 

a) 

b) 

An investigation of the chemical laser ;flow fields by 
running a series of tests in a double-nozzle' cold-flow 
device 

Production of holograms during the tests for the purpose 
of creating photographic impressions of the flow 

c) Utilization of the holograms for constiuction of shadow
graphs, sch1ierens, and interferograms 

d) Review and oral presentations on the operation and 
interpretation of shadowgraphs, sch1ierens, and inter
ferograms 

e) Diagnostic interpretation and analyses of the flow fields 
from co1d~f1ow tests, the relation to flow in the chemical 
lasers, and recommendations for enhancing supersonic 
mixing. 

2. Experimental Program 

The purpose of the test program was to investigate the mixing 
of supersonic streams exiting from two dimensional nozzles. The nozzles 
were design~d to provide geometric similarity with respect to the 
nozzles of the "50-gram device" used in chemica 1 laser experiments. As 
shown in Figute 1 the nozzles used in the "cold-flow device" include a 
single full nozzle in the center with two half nozzles on each side. 
The cold-flow nozzle system was designed to be twice the size of the 
nozzles used in the hot flow 50-gram device, with the exception of 
depth. ,The cold- flow double nozzle device was 5 centimeters deep, 
while the 50-gram device is only 0.5 inch in depth. The reason for 
this difference was the low density gases expected in the cold flow' 
model and the reasonably high density level requirement for photography . 

. a. Equipment, Instrumentation, and Facility 

The co1d- flow device, hous ing and instrumentation, is 
shown in Figure 2(a) and (b). The volume into which the gases flow 
from the nozzles is designated as the cavity. Pressures and temperatures 
were measured in the cavity as well as in the chamber upstream of the 
nozzle throat (designated manifold pressures and temperatures). 
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The pressure transducers used in the tests were from Consolidated 
Electrodynamics Corporation (CEC) , including two with a pressure range 
of 0 to 25 psia for manifold pressure measurements and one with a range 
of 0 to 1 psia for cavity pressure measurements. Mass flow rates were 
obtained from a sonic nozzle fixed area venturi (obtained from the Fox 
Valve Company) and calibrated by the NASA/MSFC calibration facility 
using gaseous helium and nitrogen. lipstream pressure versus mass 'flow 
rate calibration curves for these gases were provided. The mass flow 
rates for actual flow conditions' as a function of temperature differ
ences were obtained from the equation 

m = ill Pc 
a cjT:' a 

(1) 

The calibration curve for methane was obtained from the nitrogen curve 
and the formula 

1 1/2 

=: ~ 2 TCH [ 1..±l:j 1/2 
4 _ ( 2 ) y-l ' 

My ~ N 
, 2 

(2) 

The thermocouples used for temperature measurements were of 
chromel-alumel witll a l/16-inch stainless steel sheath (ISA type K) at 
a reference junction of 65.59°C (150°F) and a range Of -190°C to l37l o C. 

The cold flow device (nozzles, supports, and flow control prongs) 
and the housing were designed by personnel of MICOM and constructed of 
aluminum alloy 606l-T6 by the Astrospace Corporation in Huntsville, 
Alabama. High quality optical glass windows (4 5/8 X 6 5/8 X 3/8 inches), 
BK-7, coated to reduce glare, with rubber O-rings were used to ,seal 
off the test section a t opposing sides of the cavity. Smaller glass 
windows of the same quality were used to cover the ends of the nozzles 
to assure two dimensional flow through the nozzles. Optical glass was 
required to assure negligible deflections of laser light used in 
photographing the flow field. Prior to test initia tion the lower glass 
window was broken and replaced by a window of the same optical quality, 
but was 1/2 inch thi~k and uncoated. 
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The test gases were injected into the manifold by lines entering 
the system from opposing sides as shown in Figure 2(b). One line was 
used to inject mixtures of nitrogen and helium through the center 
nozzle ,V'hi1e the other line was used to inject either nitrogen or 
methane through the outside half-nozzles. The cold flow housing was 
attached to a vacuum system in the chemical laser laboratory building 
to provide a low pressure condition in the cavity prior to each run. 
For some runs wires were placed in the flow and on other runs a mass 
injecting device was installed to investigate the effects on mixing 
(see the run sequence in Table 1). 

b. Test Sequence and Operations 

The test sequence, test conditions, and resulting data 
are shown in Table 1. As shown, 39 runs were made at 27 different run 
conditions. Gas mixtures of nitrogen and helium were selected for flow 
thr,ough the center nozzle to provide varia tions in molecular weight and 
to simulate the secondary nozzle flow conditions CJf the 50-gram device. 
Methane and nitrogen gases were used separately in the outside .nozz1es 
to provide variations there. Methane gas was selected because of its 
agreement in molecular weight and specific heat of the primary nozzle 
flow conditions of the 50-gram device. The conditions tested included: 
matched flow rates of the 50-gram device, matched exit pressures, over
expanded flow, conditions causing separate~f1ow in the nozz1e~, single 
nozzle flow, ma tched flow rate per nozzle, and the effects of mass 
injections and wire obstructions on mixing. 

The method of operation for each run began by pumping the cavity 
and reservoir down to a low pressure condition (2 to 3 torr prior to 
each run). A countdown was required to allow the optimum charge voltage 
for the laser (normally 10 seconds to charge). A photographic plate 
was placed in position just prior to the run. At time zero the valves 
were opened to provide the desired flow rates and conditions at the 
nozzle exit. Because transient flow conditions lasted 1 to 2 seconds, 
the laser was fired 7 to 8 seconds after flow initiation. The normal 
run time was about 10 seconds. 

c. Holographic System 

The complete holographic flow visualization system 
entails three basic subsystems consisting of (1) the hologram forming 
optics l (2) the pulsed ruby laser, and (3) the reconstruction system. 
Figures 3 and 4 show the functional relationships between the components. 
A ruby laser pulse generates the coherent information beam necessary 
for making the holograms. As shown, the beam passes through a beam
splitter and separates into an object beam and a reference beam. The 
object beam makes a double pass through the cavity via a spherical 
mirror and is recombined with the reference beam at the photographic 
plate. The recorded fringe pattern or transmission hologram contains 
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the desired information about the flow structure in the cavity and this 
information is reconstructed upon illumination by a similarly coherent 
beam. The hologram may be reconstructed. as either a shadowgram, a 
schlier'en, or an interferogram (a double exposure is required for 
making an interferogram) . 

The hologram forming optics were desig~ed and provided by Sci-Metrics 
Inc . .9,:t .. Tt}-lIElhoma" Tennessee. It is a double-pass, off axis, sphericai 
mirror system designed to'have better than 1/4 wavelength overall 
distortion at 6943 A. The cavity windows were of high quality optical 
glass whose surfaces were parallel and flat to within ~/6. The photo
graphic plate (Agfa-Gevaert 10E75) was illuminated throJ1gh a relay 
operated shutter that opens for 1/30 second and simultaneously closes a 
microswitch to initiate the laser 30-nanosecond burs t. The pulsed ruby 
laser system was a Korad K-l series used in the Q-switched mode. 
Referring to Figure 3 it is seen tha t the cavity rear element consists 
of a pockel cell, Brewster stack, and a 99-percent rear reflector. The 
front reflection and laser cavity output element is a temperature 
variable Fabry-Perot etalon. ' The etalon acts as a longitudinal, mode 
selector to give greater temporal coherence. Beam spa tial coherence 
is achieved by the use of an intracavity transverse mode selector 
approximately 3 millimeters in diametEir. This aperture was placed at 
the initial lasing position when the laser was operated at its threshold 
input voltage. The beam spatial coherence was further improved by a 
spatial filter utilizing a 5X microscope objective lens that focuses 
the beam through a 50-micron pinhole. The combination of these optical 
elements and the quality of the ruby rod give sufficient coherence for 
good hologram quality. 

Figure 4 shows the 
the developed hologram. 
with 15 milliwa tt output 

basic optical arr~ngement for reconstruction of 
A Spectra-Physics Model l24A He-Ne gas laser 
and TEM operation provides the coherence 

co 

needed for faithful reconstruction.
l 

The beam is expanded using a 
spa tial fil ter and illuminates the hologram through a collimating lens.· 
The reconstructed image may then be photographed as a shadowgram or a 
schlieren, depending of course upon the insertion of a knife edge at 
th~ focus. Schlieren views, both parallel and perpendicular to the 
flow, were reconstructed by cutting the beam from the vertical or the 
horizontal directions, reipectively. 

The television camera (with objective lens removed) as shown in 
Figure 5 was found useful for preliminary optical adjustments in the 
reconstruction process. The reconstructed image was later diverted by 
a second mirror to a camera (not shown) for permanent photographic' 
recording. 

lCoilier, Burkhardt, and Lin, Optical Holography, Academic Press, N~w 
York, 1971, pp. 170-174. 
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3. Flow Field Analysis 

In the effort to understand the characteristics of the flow 
and the mixing phenomena, the analytic portion of this study involved 
(i) a theoretical evaluation of the flow using the physica1,character
istics of the nozzles, known flow points and tes t. da ta obtained during 
the runs and (2) diagnostic evaluation of the photographs reconstructed 
from holograms .. From an assumption of inviscid nSJzz1e flow some 
theoretical values'of the flow conditions at the nozzle exits were 
obtained. For example, by knowing the exit to throat area ratio (from 
Figure 1) for the,co1d flow nozzles, the exit Mach numbers were calcu
lated (for one dimensional isentropic flow) from the following equation, 
assuming sonic velocity at the throat 

1.[ 2 
M2 'I + 1 

e 

(3) 

For many of the runs with A /M~ = 5.872 and 'V = 1.38 to 1.67 (ranges . e t . / . 

for methane to helium) respective exit Mach numbers were from M = 3.3 
e 

to 4.1. For other runs, where the cavity pressures were high, lower 
Mach numbers occurred at the exit. 

From the measured pressures in the manifold (assumed to be near 
the stagnation conditions) the exit pressures were also estimated 
(again: from one dimensional isentropic flow) from the equation, 

[1 _ (pP eo) 7J (Pp80) 1/'1 

( ::) = --=----~---==--..;.---.:..~-y-+-:-l-
('~2 1) 1/2 ( ) 2('1-

1) y-h 
(4) 

. For the same area ra tio and range of 'I, the exit to stagna tion 
pressure ratio range was (for many runs) from P /P =0.00065 to 0.00125 

. e 0 

(for helium and methane, respectively). Some exit pressures, based on 
run conditions, photographs, and Equation (4), are listed in the test 
data. 

The temperatures at the exit were approximated from the energy 
equation with the assumption that the manifold conditions are near 

7 



stagnation and that the gases were ideal which results in the standard 
temperature equation 

(5) 

T 
o 

is the measured manifold temperature and M is the exit Mach number 
e 

calculated from Equation 
equation for the nozzles 

(3). Exit temperature of the gases from this 
ranged from 83° to 9l o K. 

Maximum values of the velocity at the nozzle exit plane was obtained 
from the definition of the Mach number 

v = fYRTM e I I ---e e (6 ) 

The exit velocities ran from about 2100 feet 'per second for 
nitrogen and methane to about 6200 feet per second for pure helium. 
Approximations of the density at the exit were obtained from the ideal 
gas equation of state 

p 
e 

Pe ~ RT 
e 

(7) 

These state property conditions at the exit were determined as only 
approximations and for idealized conditions, but provided a basis for 
qualita tive evaluation. For many of the runs the rela tively high cavity 
pressure levels reduced the exit Mach number and in some cases moved the 
shock inside the nozzle (particularly for runs involving wire obstruc
tions and the mass injection tests). The photographs of the tests were 
useful in this respect and also provided a comparison of predicted and 
actual effects. . 

Single riozzle effects were run to establish the maximum dimensions 
of the mixing zones. Because of the relatively low cavity pressures 
for most runs the free plume intersection regions were considered to 
provide approximate zones where mixing would most likely occur. This 
provided a reasonable approximation, although the actual mi.xing zones 
would be a function of turbulence levels 'and transverse momentum of the 
gases there. 
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It was learned from the tests that ml.Xl.ng can be retarded by shocks 
in the flow; while we know that, in parallel streams, mixing can be 
increased through turbulence and diffusion of particles in the mixing 
zone. Turbulence levels, however, will vary according to the relative 
velocities and Reynolds numbers 0.£ the parallel streams. Gases of low 
molecular weights~ such as helium used in the test, have higher velocities 
(other conditions remaining the same) at the exit and in the plume than 
gases with high molecul~r weights. High velocity differehces of the 
mixing streams will increase vorticity at,the interface, induce turbulence, 
and thus enhance mixing. The level of turbulence created will also 
influence the width of the mixing zone; however, probably the greatest 
influence on the extent of turbulent mixing would be the amount of 
transverse momentum the gases have in the regions where mixing is 
occurring. Turbulent mixing is also considered to provide a greater 
effect (in mass units) than mixing by molecular diffusion. From these 
considerations the photographs were viewed to locate and isolate turbulent 
zones and thus· to depict areas of greatest mixing. 

Figures 6, 7, anq 8 (run number 6 at condition 1 from Table 1) are 
a shadowgraph, and two schlieren, respectively, for cold flow conditions 
that closely match the hot flow from the 50-gram device. Figures 7 
and 8 are schlieren, respectively, made with the knife edge sitting in 
a vertical position parallel to the flow, traversing horizontally, and 
in the horizontal positIon, perpendicular to the flow and traversing 
vertically. Figure 9 (run 4, condition~) is an interferogram of the 
same flow conditions. In these views, the exit and cavity pressures 
are nearly the same providing a near isentropic' flow condition. The 
molecular weight of the center nozzle and flow rates for both nozzles 
are also matched with the 50-gram device. Calculated exit conditions 
for thi.s run show some velocity differences between the flow conditions 
at the exit of the respective nozzles, but are not considered to be 
sufficient for good mixing. Figures 10 and 11 (run 13, condition 5), 
which are a shadowgraph and a schlteren, respectively, are also near 
the flow conditions of the 50-gram device. For this run the outside 
nozzle flow conditions match the flow rate, molecular weight specific 
heat and velocity of·the primary nozzle (molecular weight was a little 
lower and the exit velocity was a little higher than that produced by 
the secondary nozzle of the 50-grain device). As shown however, from 
the bas~s for determining mixing in the plumes, a similar conclusion 
can be drawn, as was from the previous figure that only partial mixing' 
is occurring for these run conditions. 

Deviations from the flow conditions of the 50-gram device weie 
also performed as indicated in the run sequence. For example, Figures 12 
and 13 (run 7, condition 2) and Figures 14, 15, and 16 (run 21, condition 
12) are shadowgraphs and schlieren depicting matched flow rates and 
matched velocity levels at the exit planes of the nozzles. As shown, 
li ttle mixing oc,curred for these run conditions initially with some 
mixing o,ccurring downs tream. 

". 
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The effect of high velocity and Reynolds number differences in 
nozzle exit conditions is shown in Figures 17, 18, and 19 (run 18, 
condition 3). Here the mixing zone is much larger than for the other 
run conditions, the maximum occurring about 2-nozz1e diameters down
stream. In this run the f10w.rates in both nozzles match the flow rate 
conditions in the 50-gram device. The molecular weights, however, were 
considerably different to provide the differences in exit velocity. 

Flow field investigations were also done with wire ob.structions 
in the flow. The purpose of the wires was to enhance mixing. Several 
wire sizes were investigated, as' shown in Figure·20, including sizes 
0.02, 0.049,and 0.094 inch in diameter. A 0.03-inch wire was not 
used. The wires were installed into the cavity at a distance of 0.1-
to 0.2-inch downstream of the nozzle exits and symmetrically set across 
the center nozzle (which was used to represent the secondary nozzle of 
the 50-gram device). Figure 13 (run 32, condition 21) is a typical 
example of the effects of the wires in the flow. In this run high 
velocity differences existed between the nozzles, although the mass 
flow rates were matched with the 50-gram device. The wires in this 
run and others considerably altered the flow, increased the cavity 
pressure, caused separated flow in the nozzles, and significantly 
reduced the exi t Mach numbers and velocities. 

A few runs were done with nitrogen mass injection normal to the. 
exhaus t flow. The mechanism used in this effort is shown in Figure 22. 
Four orifices on each side of the device were symmetrically placed to 
inject the nitrogen slightly downstream (0.1 to 0.2 inch) of the nozz1s 
exit and into the stream of each nozzle. A pressure of three times the 

.freestream stagnation pressure (manifold pressure) was selected to 
provide the proper penetration of the jet. An example of the effecti 
of the mass injection tests is shown in Figure 23 (run 24, condition 15). 

;rn this run the mass flow rates matched tha tof the 50-gram device. 
As shown, the mass injection completely disrupted the flow, pushing the 
sho~k far into the nozzle, and reducing the cavity to highly turbulent 
subsonic flow. 

4. Conclusions 

With reference to the agreement with the Baite11e Memorial 
Institute, all tasks outlined in the scope of work were completed. 
With regard to the experimental program several conclusions can be 
drawn: 

a) The cold-flow device can be used to qualitatively 
investigate hot flow nonreacting gases in a chemical laser with the 
following reservations. 
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1) The half nozzles on each ~ide of the device provide 
two possible distortions in reviewing the data and photographs. The 
boundary layer along the wall and shock reflections from the wall will 
affect the flow conditions not present in the hot-flow device. 

2) 'The 5-centimeter, depth of the cold-flow device 
caused bl~nding of the effects view~d in a photogr~ph. For perfectly 
designed nozzles and zero misalignment, this would not be a problem 
and from the photographs taken, it did not appear tha t this caused any 
major distortion. 

3) The small glass windows covering the nozzles assured 
two .dimensional flow through the nozzles; however, there were no flow 
control devices in the cavity. Aft of the nozzle exit, the .flow(for 
many runs) expanded in three dimensions, causing difficulties in 
analyzing the flow there. 

b) Flow field matching of the 50-gram device in the cold
flow device indicated only partial mixing of the supersonic stream. 

c) DeviatiOns in run conditions significantly affected the 
m:Lx:Lng phenomena, with maximum mixing occurring when velocity and 
Reynolds number differences (between adjacent nozzles) were .the grea test. 

d) . Wire in the flow and mass injection into the stream were 
very effective in causing mass disruption of the flow in the cavity; 
however, detailed effects on mixing using these devices are inconclusive. 

5. Recommendations 

Recommenda·tions are as follows: 

a). In an unobstructed flow, high Reynolds numbers and their 
differences in mixing streams cause the greatest potential for mixing. 
Th:Ls can be accomplished by combination of molecular weights, mass flow 
rates, and/or differences in the exit to throat area ratio. For e~ample, 
decreasing molecular weights can increase the velocity, but will also 
decrease the density. Mass flow rates may have to be increased or 
alternating nozzles could be designed for varying exit to throat area 
ratios to provide the desired flow differences for optimum mixing. 

b) As suggested from a), an optimization study should be 
performed (based on a range of probable molecular weights in the primary 
and secondary nozzles,ranges of probable flow rate and nozzle design) 
to provide the grea te st potential conditions for mixing. 

c) For small nozzles as are currently being used in lasing 
experiments, viscous effects in the nozzle can be a potential problem 
area. With the low density exit conditions the boundary layer at the 
exit can be quite thick and could extend completely across the nozzle 
exit, causing difficulties in the mixing in the cavity. Such problems 
can be helped some by proper nozzle contour design and should be con
sidered in future design. 

~ 
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" d) Because the wire obstructions were somewhat effective 
in the flow field disturbance, further studies may provide means for 
mixing the flow using obstructions in the flow. Because of the few 
runs, using mass injection, little can be said, ,except tllat this may 
also provide a means for mixing; however, further studies wouid have to 
be run before any recommendations could be made. A potential problem 
area using obstructions in the flow and mass injection is the effects 
on the chemical kinetics in the cavity. The relaxation time and the 
nonequilibrium conditions of the flow should be ,investigated if obstruc
tions are inserted into the flow. 
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TABLE 1. TEST DATA (MEASURED) 

rll Center m Outside Center Outside Cavity Remarks (grams/sec) (grams/ sec) (psia) eC) (psia) (OC) (torr) (OC) 

Condi- p T P T 
P. 

Wires 
N2 He N2 CII4 P T J 

Run No. tion m m m m (psia) (in.) c c 0 0 c c 

1 397 1 0 0 0 - - - - ~ - -' - -
2 398 1 30.6 2.10 20.85 - .- 7.5 10.5 21.5 11 ;25 9.0 - -
3 399 2 22.4 0.35 22.75 - - 7.5 11.4 21.5 9.4 9.0 - -
4 400 4 30.5 2.03 22.75 - - 7.5 11.44 21.5 11.85 9.0 - -
5 401 3 17 .8 5.15 23.40 - 23.5 10.0 n.88 22.0 29.5 12.5 - -
6 402 1 30.6 1.83 21. 75 - 2.25 10.1 10.80 22.0 11.5 12.7 - -
7 403 2 21, .6 0.55 22.75 - 7.125 10.1 11.38 21. 9 14.0 12.7 - -
8 404 5 28.1 5.35 - 21.2 6.63 10.0 14.0 21.2 19.0 11.5 - -
9 405 6 28.1 5.26 - 0 6.50 10.0 - 21.5 6.25 12.0 - -

10 406 7 0 0 - 21.2 - 10.0 13.88 21.2 12.75 12.0 - -
11 407 8 22.8 0 - 21.2 - 10.0 13.75 21 .2 12.75 12.0 - -
12 408 8 22 .8 0 - 21.2 - 10.5 14.0 21 :5 12.75 12.0 - -
13 409 5 28.0 5.30 - 21.5 21.13 7.0 14.55 17 .8 28.5 8.8 - -
14 410 8 22.7 0.80 - 21.5 10.50 7.0 14.75 19.0 20.0 8.8 - -
15 411 8 22.8 0 - 21.5 10.50 7.0 14.90 18.2 20.01 8.8 - -
16 412 11 9.8 0 - 21.5 4 .. 50 7.8 13 .63 17 .8 15.0 8.8 - -
17 413 X 31.4 6.7 23.0 - 21.13 10.2 11.10 21.5 26.0 ll.5 - -
18 414 3 18.2 15.1 23.0 - 25.0 10.2 11.10 21.5 35.0 11.5 - -
19 415 9 19.5 15.0 23.0 - 17.0 10.2 11.05 21.5 29.75 11.5 - -
20 416 10 19.5 15.5 0 - 17.63 10.2 0 21.5 17.0 11.5 - -
21 417 12 10.0 0 9.88 - 4.50.- 10.8 4.75 22.0 10.0 ll.5 - -
22 420 13 10.0 0 9.88 - 4.50 10.8 4.75 22.0 29-50 12.0 - -
23" 421 14 0 14.9 22.7 - 16.0 9.5 10.8 20.8 38.75 11.5 31.0 -
24" 422 . 15 18.8 13 .1 23.1 - 24.25 9.5 11.0 20.0 45.0 11.5 33.0 -
25", 423 16 32.0 0 23.3 - 15.13 9.5 11 .0 20.0 33.5 11 .5 33.0 -
26" 424 17 0 15.0 0 - 17 .0 9.5 1.6 19.8 28.5 11 .5 32.2 -
27" 425 17 0 15.5 0 -. 17 .5 9.5 1.6 20.8 27.75 11 .5 32.6 -
28" 426 18 17.6 15.9 0 - 25.0 10.2 1.5 20.2 34.0 11 .5 33.0 -
29" 427 19 24.0 0 23.4 - 11.0 10.2 11 .0 21.0, 26.0 12.0 32.8 -
30" 428 16 32.0 0 23.4 - 15.2 10.2 11.1 20.8 29.2 12.2 33.0 -
31 429 20 0 15.4 22.7 - 16.75 9.0 10.8 21.5 29.8 11.0 - 0.090 

32 430 21 18.2 17.6 22.75 - 25.00 9.0 11.0 22.8 33.5 11.0 - 0.090 

33 431 22 20.2 14.8 20.8 - 16.13 9.0 9.9 20.8 27.7 11,.0 - 0.050 
34 432 23 18.3 14.8 20.8 - 25.0 . 9.0 10.6 19.8 36.0 11.0 - 0.050 

35 433 24 0 7.3 10.6 - 7.95 9.5 5.05 19.5 14.2 11.0 - 0.0.50 

36 434 25 0 7.4 0 - 7.95 9.5 0 19.8 9.6 lLO - 0.050 
37 435 26 0 15.5 22.3 - 17 .85 9.0 10.7 20.8 29.5 11.0 - 0.020 
38 436 27 0 7.5 10.9 " 8.0 9.0 5.25 20.8 14.1 11.0 - 0.020 
39 437 26 0 15.6 22.7 - 18.13 9.0 10.75 19.8 30'.0 11.0 - 0.020 

}\-Nass i.njections of N
2

. 

13 



TABLE 2. DATA CALCULATED FROM TESTS 

Center Nozzle Outside Noz'zles 
(psia) (ft/sec) (ps ia) (ft/sec) 

Condi-
P C IC V P IP C IC P IP Run No. tion ~! 

P V 
e p v e e c e p v H e e c 

1 397 1 - - - - - - - - - -
2 398 1 - - - - - 0.1733 -. - - 0.7965 

3 399 2 - - - - - - - - - -
4 400 4 - 1.45 20.1 2702 - - 1.40 28 2125 -
5 401 3 0.388 - - - 0.680 0.196 1.40 28 2125 0.344 

6 402 1 - - - 2457 - - 1.40 28 2125 -
7 403 2 - - - 2261 - - 1.40 28 2125 -
8 404 5 0.109 - - - 0.298 - 1.38 16 -. -
9 405 6 - - - - - - - - - -

10 406 7 - - - - - - 1.38 16 2811 -
11 407 8 - 1.40 28 2125 - - 1.38 16 2811 -
12 408 8 - 1.40 28 2125 - - 1.38 16 2811 -
13 409 5 0.349 1.48 13.31 3320 - 0.2401 1.38 16 2811 -
14 410 8 0.173 1.41 23.25 2332 - - 1.38 16 2811 -
15 411 8 - 1.40 28 2125 - - 1.38 16 2811 -
16 412 11 0.074 1.40 28.0 2125 - 0.2249 1.38 16 2811 -
17 413 X - - - - - - - - - -
18 414 3 - 1.58 8.·23 4737 .. - 1.40 28 2125 -
19 415 9 - - .. .. .. - 1.40 28 - -
20 416 10 .. - - .. - - - .. - .. 

21 417 12 - 1.40 28 2125 .. - 1.40 28 2125 .. 

22 420 13 .. 1.40 28 2125 - - 1.40 28 2125 -
23 421 14 - - - - - .. 1.40 28 2125 -
24 422 15 0.400 .. .. - 0.460 0.182 1.40 28 .. 0.209 

25 423 16 0.250 1.40 28 2125 0.385 0.182 1.40 28 - 0.280 

26 424 17 0.280 1.67 4.0 .. 0.509 0.026 - - - 0.048 

27. 425 17 0.289 1.67 4.0 - 0.538 0.026 - .. .. 0.049 

28 426 18 0.413 ... - .. 0.627 0.025 .. - - 0.038 

29 427 19 - 1.40 28 - - .. 1.40 28 - .. 

30 428 16 - 1.40 28 - - - 1.40 28 - -
31 429 20 - 1.67 4.0 - - .. 1.40 28 - .. 

32 430 21 - .. - .. - - 1.40 28 - .. 

33 431 22 - .. - .. .. - 1.40 28 - -
34 432 23 - 1.67 4.0 - - .. 1.40 28 -' -
35· 433 24 - 1.67 4.0 - - - 1.40 28 - .. 

36 434 25 - 1.67 4.0 - - .. - - .. -
37 435 26 .. 1.67 4.0 - .. - 1.40 28 .. -
38 436 27 - 1.67 4.0 .. .. - 1.40 28 - .. 

39 437 26 - 1.67 4'.0 - - - 1.40 28 - -

14 
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Figure 1. Sketch of the double-nozzle cold-flow device. 

2.750 

~ 



Figure 2. Housing and instrumentation of the cold-flow device. 
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Figure 2. Concluded. 
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Figure 7. Schlieren of run 6, condition 1 with knife edge 
set vertically. 
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Figure 8. Schlieren of run 6, condition 1 with knife edge 
set horizontally. 

23 



Figure 9. Interfer~gram of run 4, condition 4. 
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Figure 10. Shadowgraph of run 13, condition 5. 
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Figure 11. Schlieren of ~un 13, condition 5 with the knife 
set vertically. 
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Figure~12. Shadowgraph of run 7, condition 2. 
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Figure 13. Schlieren of run 7, condition 2 with knife 
edge set horizontally.~ 
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Figure. 14. Shadowgraph of run 21, condition 12. 
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Figure 15. Schlieren of run 21, condition 12 with knife 
edge set vertically. 
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Figure 16. Schlieren of run 21, condition 12 with knife 
edge set porizontal1y. 
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Figure 17. Shadowgraph of run 18, condition 3. 
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Figure 18~ Schlieren of run 18,. condition 3 with knife 
edge set vertically. 
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Figure 19. Schlieren of run 18, .condition 3 with knife 
edge set horizontally. 
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Figure 20. Wire obstruction used in the tests. 
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Figure 21. Shadowgraph of run 32, ~ondition 21. 
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Figure 22. Mass injection device. 
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Figure 23. Shadowgraph of run 24, condition 15. 
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Appendix A. 

SHADOWGRAPHS AND SCHLIERENS FUNDAMENTALS 
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Light Refraction Through a Gaseous Medium 

y 

y 

\ \ .. ~\ 
---.. -. --- ~~--~~--------~------~ z 

dz z II-o"""f------ dz ----I ... ~I 

TEST SECTION 

Def init ions: 

Density p. increasing in the positive direction y 

n i~ the index of refraction, 

L 
Angle of refraction E ::: J d¢, 

o 

From Geometry: 

d1'] ::: dy sin ex e 

d s ::: dz sin ex dc 
dy 

::: 

::: 

e 
o 

n = C 

e 
0 

n 

e dn - ---n dy or. 

ELEMENT 

~ 
dy 

ds is tiistance traveled along r
h

, Therefore, d s ::: Te, 

.., 40 

e dn 
::: --

n dy 



Angle of refraction 

J d<\J = J T Iddc I = f Tldcl E = dy sin ex . TJ 

f = I si~ ex 
(f dn) = J ds .! dn 

n dy sin ex n dy 

L L 

E = I .! dn dz = J L do dz . n dy np dy 
0 0 s 

Light Refraction Through a Gaseous Medium 
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The Schlieren 
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The Shadow Method 
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Appendix B. 

INTERFEROMETRY AND HOLOGRAPHY FUNDAMENTALS 
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Interference Method - Fundamental Operations 
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LIGHT 
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L1 
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N 2€ 
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Fringe and Density Relation 

REFERENCE SECTION 

TEST SECTION 
SPLITTER 
PLATE 

The additional time to traverse 
the test section is 

L L L 
.Lt - - - - (n

l 
.,. n

2
). - C

l 
C

2 
- Co 

Change in optical path is LL CaLt L(nl - n2) == Nil. 

N = lj!' (PI P~ P2) = number of fringes. 

If density varies along a ray 
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Sensi tivity 

Depends on brightness and uniformity of illumina tion and on an optical 
system that loses little light 

Schlieren System 

Contrast C _ 61 - ~ 
- I - Y1 

C Sensitivity s == 
E 

FOCUSED LIGHT 
SOURCE 

T 

KNIFE EDGE 

ForAMC reproductive system using h~lograms 

y == 8 - 10 microns 

f2 ~ 25 inches 

.. Interference and Holographic Methods 

Sensitivity s 

6 fringes 1.563 X 10 
3 1bm/ ft . 

For Ps = 0.075 1bm/ft
3 and 

r... = 0.4 X 10 
-6 meters 

s = 4.469 X 103 fringes 

1bm/ft3 
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s 

f3 

L 

r... 

5 1.586 X 10 

- 0.000293 

18 inches 

== 0.4 ~ 0.7 

== 0.457 meter 

-6 . 
X 10 meters 

Ps ~ 
0.0002144 1bm/ft3 

(for P ~ 20 torr) 
T == 1500 0 K 



Precision of the Interferometer 

Approximate discernible fringe shift oN = 0.1 fringe. From a change in 
optical path 

For delta changes 

or 

op oN 
s 

Densi~y ch&nge for oN = 0.1 is 

op = 0.1 = 2.23 X 10- 5 1bm/ft3 

4.469 X 10
3 

conditions:~ 
i3 = 0.000293 

L 0.457 meter 

"- 0.4 X 
-6 10 meters 

Ps 0.075 1bm/ ft3· 
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